In this work, the GaNbO4 microwave dielectric ceramics were studied for the first time. Ceramic samples were obtained via solid-state reaction method and could be sintered well in the temperature range of 1000°C-1080°C. Preparation, phase structure, grain morphology and microwave dielectric properties of GaNbO4 were investigated. It showed a novel microstructure that two allotropic GaNbO4 phases with different average grain sizes were coexisted in the GaNbO4 ceramics. The GaNbO4 sintered at 1060°C exhibited the excellent low-loss microwave dielectric properties of εr = 15.6, Q×f = 98,800 GHz (at 9.2 GHz), τf = -69.4 ppm/°C. *
INTRODUCTION
With the rapid development of the wireless communication technologies, a variety of microwave dielectric ceramics have been studied and used as the resonator and the filter etc. Researches in series of niobate-based microwave dielectric ceramics have been reported over the years. Such as RETiNbO6 (RE=Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, and Yb) [1] , RENbO4 (RE=La, Nd, Sm, Dy, Er, and Lu) [2] , ANb2O6 (A=Zn, Mg etc.) [3] , ABNb2O8 (A=Zn, Mg etc. B=Ti, Zr etc.) [4] [5] [6] [7] [8] , ZnO-Nb2O5-TiO2 [9] , A3Nb2O8 (A=Zn, Mg, Ni etc.) [10, 11] have been extensively investigated and leaded to well applied and commercialized microwave applications. But the gallium niobate GaNbO4 ceramic has never been involved to the researches. Maybe because the gallium does not belong to the lanthanide, the studies of rare-earth niobate series such as RETiNbO6 and RENbO4 all missed it. And because the positive odd three valence, the gallium niobate does not belong to the other above niobate ceramic system. Herein, we report the new niobate microwave dielectric ceramic GaNbO4 in the present communication. Preparation, phase structure, grain morphology and microwave dielectric properties of GaNbO4 ceramics were investigated. The GaNbO4 ceramics exhibited a relatively slight low sintering temperature of 1060°C and excellent low-loss and high-Q microwave dielectric properties, and showed the highly potential for practical applications.
EXPERIMENTAL PROCEDURE
The GaNbO4 ceramics were prepared using the conventional solid-state ceramic route.The stoichiometric mixtures of the high purity (>99.9%) starting materials Ga2O3, Nb2O5 were milled using de-ionized water and zirconia balls for 4 h, the dried powders were calcined at 850°C for 5 h and then pressed into pellets with 10 mm in diameter and 5 mm in thickness. GaNbO4 ceramics were synthesized by heating the pellets at 1000°C-1080°C for 4 h in air at a heating rate of 5°C /min.
The apparent densities were measured by the Archimedes method. The sintered samples were powdered and used for recording X-ray diffraction (XRD) patterns using CuK radiation (Philips x'pert Pro MPD, the Netherlands). The surfaces of sintered ceramics were observed using scanning electron microscopy (SEM, FEI Inspect F, the UK). The energy-dispersive spectroscopy (EDS) was performed for element composition analysis of samples (Oxford, Inca Energy 300). The dielectric characteristics at microwave frequencies were measured using a network analyzer (Agilent Technologies E5071C, the USA). The temperature coefficient of resonant frequency (τf) was determined by the equation:
Where ， f85 and f25 were the resonant frequencies at 85°C and 25°C, respectively. suggest that the stoichiometric Ga2O3-Nb2O5 binary compositions didn't crystallize into a single phase of Gallium niobate GaNbO4 but a coexistence of two allotropic GaNbO4 phases. According to the JCPDS cards, the two phases both are the monoclinic structure. The GaNbO4 phase of the No.00-035-0312 has a small cell volume of 126.09 (Å 3 ) with space group of P2/c and Z=2, and was quenched from high pressure and high temperature [12] . The GaNbO4 phases of the No.01-072-1666 has a about double to triple bigger cell volume of 302.19 (Å 3 ) with space group of C2 and Z=4, and was obtained by normal chemical flame-fusion method [13] . In the conventional solid-state ceramic route, the equimolar mixture of Ga2O3-Nb2O5 was pressed into pellets with high pressure and then sintered at high temperature. That is to say, the preparation process contains the formation conditions of the two different GaNbO4 phases. The big cell GaNbO4 phases has no collected RIR data of XRD card and no cif-format data of ICSD, refinement and quantitative analysis of was not available. By generally observing the changes of relative intensities of two phases, we found the value of the strongest peak of the small cell GaNbO4 phase enhanced from 78,200 to 86,500, whereas that of the small cell GaNbO4 phase weakened from 45,700 to 39,300. It could be inferred that the phase content and crystallinity of the big cell GaNbO4 phase increased with the increasing sintered temperature. Figure 2 shows the SEM micrographs of the surfaces of GaNbO4 ceramics sintered at different temperatures. Two crystal phases with different grain sizes can be observed obviously, the big was the GaNbO4 phase of No.01-072-1666 and the small was the GaNbO4 phase of No.00-35-0312. A porous microstructure with small average grain size below 2 μm was observed in the sample sintered at 1020°C ( Figure 2 (a) ), A denser microstructure with average grain size at the range of 3-4 μm was achieved for the sample sintered at 1040°C ( Figure 2 (b) ), and the amount of the pores and small grains reduced. The sample sintered at 1060°C shows dense microstructure with well grew and closely packed polygonal grains, the grain size of the big ones were about 5-7 μm, the small ones were still under 3μm and persistently reduced ( Figure 2 (c) ). However, slight oversintering occurred with the two phases on the surface dissolving at 1080°C (Figure 2 (d) ). The SEM results were well agree with above XRD analysis, the Ga2O3-Nb2O5 binary compositions crystallize into a multi-phase composite ceramic with the coexistence of two allotropic GaNbO4 phases, and the phase content and crystallinity of the big grain size GaNbO4 phase increased with the increasing temperature. As also can be inferred from the figures, during the whole sintering process, the grains of two phases both grew up with increasing temperature, but the small ones couldn't reach a bigger size than 3μm all the time. The big ones grew up much faster than the small ones and captured the small ones gradually, as can be seen from the circle in the Figure 2 (c) , four small grains were assimilated into a big grain. It indicated that decreasing the rate of temperature rising and lengthening the holding time at optimal sintering temperature attached especially great importance in the preparation of the GaNbO4 ceramics. It's the high pressure that the key different factor cause the formation of the small grain size GaNbO4 phase [12] , whether the small grains of phase No.00-35-0312 could continue to reduce and even totally disappear with optimizing the sintering progress needs further detailed study. at 1060°C, then slightly decreased when the sintering temperature exceeded 1060°C. The lower density of samples at sintering temperature lower than 1060°C might be mainly due to the porosity and non-fully growth of grains, whereas the decrease in density at sintering temperature higher than 1060°C might be mainly related to the partial oversintering, liquid phase covered cross the grain boundary, pores could not be adequately ruled out, resulting in a decline in density. The dielectric constant versus sintering temperature exhibited a trend similar to that of the apparent density. It is because both the density and dielectric constant are influenced much by many of the same reasons such as the phase composition, pores, and grain boundaries [14] . The εr increased from 13.5 to 15.6 as sintering temperature increased from 1020°C to 1060°C then decreased to 15.4 at 1080°C. Similarly, the Q×f value of GaNbO4 ceramic sintered at 1060°C reached a maximum value of 98,800 GHz (at 9.2 GHz). Thereafter, the Q×f value decreased with further increase in sintering temperature. As we know, besides that the lattice vibration modes cause the main microwave dielectric loss, pores, second phases, impurities, lattice defects, crystallizability, cation ordering and inner stress and the average grain size contribute to the microwave dielectric loss, so sometimes it is difficult to determine the key influencing factor [15] . The increase in quality factor could be mainly related to the increased densification, whereas the deterioration of quality factor might be attributed to the decrease in densification. Samples sintered at 1060°C show a dense morphology with the biggest grains of two phases as well less pores, which reduces the lattice defects and imperfection resulting in a lowering of dielectric loss with the best Q×f value. The τf values exhibited a very small change with increasing sintering temperature and remained stable at approximately -69 ppm/°C. Table I shows the comparison of some niobate-based microwave dielectric ceramics with εr between 10 and 18. Among them, the GaNbO4 ceramic exhibited outstanding low-loss and high-Q microwave dielectric properties. The GaNbO4 ceramic has a relatively low sintering temperature of 1060°C, which is close to the demand (960°C) of LTCC ceramics. The GaNbO4 ceramics shows the study potential to reduce the sintering temperature and meet the demand of LTCC applications by low melting glass additions, oxide sintering aids, chemical processing, and smaller particle size of the starting materials [16, 17] . For the large negative τf of the GaNbO4 ceramic, the formation of composites between microwave dielectrics with opposite signs of τf has been proved to be an effective approach to adjust τf value [18, 19] , similar approach could be used to the GaNbO4 ceramic. It's reported that the LaNbO4 was the only rare-earth niobate dielectric ceramic with opposite τf value among the RENbO4 ceramics [2] . Suitable substituting La for Ga should be helpful to the τf value of GaNbO4 ceramics. Given all this ， the new niobate microwave dielectric ceramic GaNbO4 shows the potential of practical use such as the resonator and the filter，and the further potential for LTCC applications. 
RESULTS AND DISCUSSION

CONCLUSION
In summary, the GaNbO4 ceramics were synthesized using solid-state reaction method. The preparation, phase constitution, grain morphology and various microwave dielectric properties of the GaNbO4 ceramics were studied as a function of the sintering temperature in this work. The coexistence of two allotropic GaNbO4 phases with different average grain sizes was in the GaNbO4 ceramics. This microwave dielectric ceramic sintered at 1060°C exhibited a permittivity of 15.7, a high Q×f of 98 800 GHz (at 9.12 GHz), and τf of -69.34 ppm/°C.
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